ABSTRACT With the purpose to improve the performance of the flexible membrane flapping wing, a kind of flapping wing with an attached airfoil to the root is designed and tested in a wind tunnel. In order to study, the actual performance improvement of the flapping wing, the flight performance is calculated and compared instead of the aerodynamic performance. A method to establish a semi-empirical cycle-averaged mathematical model for the flapping wing with high precision based on the wind tunnel experiment is proposed to calculate the flight performance. The established continuous mathematical model can solve the problem of how to obtain the trimmed state by using discrete experimental data. By attaching the airfoil EPPLER 378 with a thickness of 4.07% chord length to the root, the cruise velocity envelope is expanded, especially with a small cruise velocity. Although the attached airfoil to the root can cause a slight decrease in endurance and range of the flapping wing, it will greatly enhance the climbing performance and effectively reduce the demand for the takeoff sites. Besides, the flapping wing with an attached airfoil to the root will result in a significant reduction in the radius of steady turning and will improve the maneuverability. In addition, the airfoil EJ 85, which is similar to the airfoil EPPLER 378 in shape and camber but has a larger thickness of 6.5% chord length, is attached to the root of the original flapping wing. The same experiment and modeling procedure are performed on the airfoil EJ 85 to analyze the difference in performance of the flapping wing with different airfoil thickness.
I. INTRODUCTION
Flapping-wing Micro Air Vehicle (FMAV) is a kind of special air vehicle which uses flapping wings to generate both lift and thrust. Many FMAV prototypes have achieved successful flight, e.g. the famous Delfly series [1] , [2] , MicroBat [3] , RoboRaven [4] , NanoHummingbird [5] , and SmartBird [6] etc. These FMAVs have different flapping wing structures. However, due to the reliability of complex mechanical devices, the FMAV with single-stage flapping wings is the most mature solution adopted by many prototypes which have good flight performance. Nevertheless, compared with the flight of birds, the manmade flapping wing is obviously not an optimal structure. In order to improve the performance The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat.
of the flapping wing, many researchers have strived to optimize the structure of the flapping wing. Mueller et al. [7] , Calogero et al. [8] developed a passive, one-way folding flapping wing by improving the leading edge structure. It is proved by flight test that this kind of improvements can reduce forward velocity. Kim and Han [9] , Li et al. [10] developed a smart flapping wing with a macro-fiber composites actuator, in which the camber can be changed by using the surface actuators to enhance the aerodynamic performance. Stewart et al. [11] performed a multi-objective optimization method on the shape of a rigid flapping wing to increase the cycle-averaged thrust and reduce the peak of input power. In the case of the AeroVironment NanoHummingbird wing design, the strong coupling problem between flapping deformation and aerodynamic force was approached experimentally [5] . A sample of approximately 300 wings was designed and tested to find the most efficient flapping wing. These studies indicate that the flapping wing still has potential properties for exploration.
Typically, a flapping wing consists of a carbon fiber skeleton with a curvature and Mylar membrane structure, in order to ensure structural deformation and reduce inertial force. Ultra-thin airfoil usually causes severe airflow separation, which in turn loses aerodynamic force. Dove [12] , the FMAV developed in Northwestern Polytechnical University, uses the upper curve of the EPPLER 378 airfoil as the shape of the carbon fiber skeleton. The stall speed is too high due to the fact that the flapping wing adopts the incomplete airfoil, which seriously affects the landing stability.
In order to improve the aerodynamic performance of the flexible membrane flapping wing and solve its problem of easily stalling, the paper designed a flexible single-stage flapping wing with an attached airfoil near to the root, inspired by the thickness distribution of birds' wings and the relationship between airfoil thickness and stall speed. And studied the effect of the improvement on the flapping wing performance through wind tunnel experiments.
Usually, the performance evaluation of the flapping wing is simply to compare the aerodynamic force [13] or propulsion efficiency [14] in the same state. But since the lift and thrust cannot be generated separately for the flapping wing, these methods cannot evaluate the performance of the flapping wing in actual flight conditions. Therefore, we propose to use the flight performance parameters to evaluate the performance. In order to solve the difficulty of the calculation of flight performance parameters caused by the discontinuity of the experimental state, the paper also proposes a semiempirical cycle-averaged mathematical model for the flapping wing based on wind tunnel experimental data.
II. EXPERIMENT SETUP
The tested flapping wing structure was designed and fabricated. According to the performance of the experimental system, the wind tunnel experimental state is selected reasonably. After that data acquisition and postprocessing are performed.
A. FLAPPING WING MODEL
In order to study the effect of attaching an airfoil with certain thickness near to the flapping root on the performance, a flapping wing structure is designed on the basis of Dove, which has a semi-span of 0.3 meters and a root chord length of 0.1 meter. A lightweight foam structural component is attached between the first chord and the third chord. The structural component is 0.1 meter long and its width is the same as the flapping wing root chord. The specific position of the structural component on the flapping wing is shown in Fig. 1 . The characteristics of this structure are as following: a. The attached structural component is located in the triangular region of the flapping wing skeleton, and from previous research [12] , the region is less deformed during the flapping. That is, the attached structural component has less influence on the deformation of the overall structure of the flapping wing; b. Attaching an airfoil structural component near the root of the flapping wing can reduce the effects of inertial forces caused by the attached mass; c. The inner part of the flapping wing is mainly related to the lift, and the tangential speed of this part is small, and thus the aerodynamic mechanism is similar to that of the fixed wing, which helps to enhance the effect of the attached airfoil. The mass of the experimental flapping wing is shown in Table I . Due to the lightweight foam structure, the added mass is smaller, and so it merely has a slight influence on the input power.
B. WIND TUNNEL AND EXPERIMENTAL PROCEDURE
The experiment is carried out by using the FMAV wind tunnel experimental measurement and a control system developed by our research group. The system can adjust the flapping frequency with high precision by controlling the rotation speed of a servo motor. The measurement system can collect experimental variables such as flapping angular displacement, six-axis forces/moments and input power in real time at a sampling rate of 2000Hz.
The ATI Nano 17 multi-axis load cell is chosen as a balance. The load cell has the advantages of small size, high precision and fast response, which is suitable for wind tunnel experiments of flapping wings. There are several flapping amplitudes can be chosen for the flapping mechanism shown in Fig. 2 , and the flapping amplitude of 61 • is selected because it is close to the Dove.
The experiment is carried out in the low-speed aeroacoustic wind tunnel of Northwestern Polytechnical University. The wind tunnel is an open jet return flow type. The test section has a diameter of 1.5m and a length of 1.9m. The average turbulence is 0.2% and the test wind speed is 6-40m/s. Its parameters are suitable for the full-scale model experiment of the flapping wing. The installed model in the wind tunnel is shown in Fig. 3 .
Based on the performance of the experimental system and our research purposes, the experimental conditions are selected as shown in Table II . Experiments are carried out to collect data such as aerodynamic force, flapping angular displacement and input power in the corresponding states of the two kinds of flapping wings.
In order to eliminate the aerodynamic interference and the gravity interference of the experimental device in the collected experimental data, and also to acquire the drag of the flapping wing in the non-flapping state, the following experimental states are added: a. State 1: in the condition that the flapping wing is not installed, the forces and moments at all angles of attack in Table II The aerodynamic force generated by the experimental device installed on the balance during the experiment is the interference that needs to be removed. The aerodynamic interference data measured in state 2 also includes the gravity interference of the experimental device. Therefore, it is necessary to calculate the weight of the experimental device G mec and the vertical distance between its center of gravity and the center of the balance l mec . The decomposition of the flapping mechanism weight G mec in the load cell coordinate system can be expressed as the following.
where F x.1 and T y.1 are the x-axis force and the y-axis moment of the balance coordinate system measured in state 1 respectively. In this way, G mec and l mec are solved by Eq. (1) . The values of G mec and l mec obtained at different angles of attack are averaged to ensure the consistency of the calculated gravity component.
In this paper, we only study the longitudinal characteristics of the flapping wing in the condition of non-sideslip flight. Therefore, we only need to obtain the aerodynamic interference of the experimental devices in the x-axis force component, the z-axis force component and the y-axis moment component. The aerodynamic interference (F x.2 , F z.2 , T y.2 ) measured in experimental state 2 includes the gravity interference (G mec.x , G mec.z , T mec.y ) of the flapping mechanism. The pure aerodynamic interference (F x.aero , F z.aero , T y.aero ) are obtained by subtracting the gravity interference from the data measured in experimental state 2. The gravity interference is represented by decomposing the gravity of the experimental device in the load cell coordinate system.
In addition to the aerodynamic interference of the experimental device, the gravity interference of the experimental device with the flapping wing at different angles of attack also has a strong influence on the experimental results. Using the data obtained in state 3, the weight of the experimental device with the flapping wing G mw and the vertical distance between the center of gravity and the center of the balance l mw are calculated according to Eq. (3). The values obtained at different angles of attack are averaged to ensure the consistency of calculations. After obtaining the experimental interferences, the experimental data is acquired according to all the states in Table II (recorded as state 5). The aerodynamic interference and the gravity interference of the experimental device are subtracted in Eq. (4) to obtain the actual aerodynamic data of the experimental flapping wing (
In the experiment, the force and moment are acquired in the balance coordinate system. Therefore, it is necessary to convert them into the wind axis coordinate system for analysis. And the reference point of the longitudinal moment needs to be transferred from the center of the balance to the leading edge of the flapping wing for comparison. Fig. 4 is a schematic diagram of the definitions of the coordinates of the experimental device [15] . The distance between the center of the balance and the flapping wing chord is l 1 , and l 2 is the horizontal distance between the center of the balance and the leading edge of the flapping wing. L, T net and M pitch are the lift, net thrust and pitch moment of the flapping wing respectively.
The experiment focuses on the effect of the improved flapping wing on the actual flight, and so there is no need to remove the inertial force component of the flapping wing.
(F x , F z , T y ) are separately decomposed and integrated in the wind axes system to obtain the conversion Eq. (5), in which pre-measured l 1 and l 2 are used in the transfer process, as defined in Fig. 4 .
In this chapter, the wind tunnel experimental data of FW10 and FW378 are acquired and the experimental interference is removed by postprocessing. The post-processed data can be used in the following modeling process.
III. FLAPPING WING MODELING BASED ON WIND TUNNEL EXPERIMENT
The aerodynamic forces of the flexible flapping wing have a strong coupling relationship with the structural deformation. Therefore, the wind tunnel experiment is usually conducted to obtain more accurate aerodynamic data. However, the state of the wind tunnel experiment is usually discrete and its interval cannot be too small considering the high cost of the experiment, which makes it difficult to obtain the trim state in the performance calculation. Therefore, due to the discreteness, the analysis of the aerodynamic characteristics of the flapping wing is usually performed by solving the set that satisfies the state of the trim condition [16] . In order to improve the accuracy of the solution, the paper proposes a semi-empirical flapping wing modeling method based on the experimental data characteristics and the mechanism of aerodynamic forces and power production.
A. CYCLE-AVERAGED LIFT MODELING METHOD
According to the relationship between the cycle-averaged lift and the angle of attack in the experimental data, it can be seen that the former is similar to the case of the fixed wing, which is linear with the angle of attack before stall. Therefore, the cycle-averaged lift can be expressed in the form in Eq. (6) . In addition, the wind speed and the flapping frequency also have effects on the cycle-averaged lift, but the relationship is complicated due to the special fluid-solid coupling characteristics of the flapping wing. To simplify the calculation, these effects are reflected in the polynomial form of L α and L 0 .
where the defined slope of lift line L α is a function of flight speed and flapping frequency. L 0 is the lift when the angle of attack is zero.
B. CYCLE-AVERAGED NET THRUST MODELING METHOD
The cycle-averaged net thrust T net is also related to three variables, but the situation is more complicated. Considering that the net thrust of the flapping wing contains both drag and thrust components, it is usually difficult to completely separate the thrust from the drag. The thrust characteristics of the flapping wing can be considered to be similar to the propeller [17] . Therefore, the net thrust of the flapping wing is approximately divided into the thrust generated by the flapping and the constant drag D unrelated to it. Referring to the thrust calculation formula of the propeller, the thrust is expressed as the square of the flapping frequency multiplied by the coefficient T f . This form of thrust contains the additional drag change caused by the flapping motion. The cycleaveraged net thrust of the flapping wing can be expressed as Eq. (7).
where T f is a fitting polynomial that includes the effects of the wind speed and the angle of attack on the thrust. D is fitted to this polynomial by experimental data.
C. CYCLE-AVERAGED INPUT POWER MODELING METHOD
The input power of the flapping wing P in is mainly related to the torque and the flapping angular speed attached to the flapping shaft. According to the rotational power calculation formula, the input power of the flapping wing can be expressed as the torque attached to the flapping shaft multiplied by the flapping angular velocity. So the cycle-averaged input power can be expressed as Eq. (8).
Among them, M wing represents the flapping shaft torque; ω is the flapping angular velocity; and η is the transmission efficiency of the experimental device. The flapping angular velocity is related to the flapping amplitude A and the flapping frequency f . Under a certain flapping amplitude, the cycle-averaged angular velocity is a function of the flapping frequency. The instantaneous aerodynamic force in the expression of the cycle-averaged flapping shaft torque is independent of the angle of attack approximately, according to experimental data (the angle of attack does not change the amplitude of instantaneous aerodynamic forces). The spanwise center of pressure l cp.y has a relatively fixed position. The transmission efficiency of the experimental device is related to the flapping frequency. Based on the above factors, the cycle-averaged flapping shaft torque can be simplified as a fitting polynomial form of the wind speed and frequency.
D. MODELING RESULTS
According to the above flapping wing modeling method, the corresponding parameters are fitted using the leastsquare fitting method, based on wind tunnel experimental data. FW10 and FW378 are modeled respectively based on the method mentioned in Chapter III using the experimental data after postprocessing. The modeling results of FW10 and FW378 are shown in Eq. (9) to (11) and Eq. (12) to (14) respectively. The model accuracy is shown in Tables III and IV . 
The RMSE in Tables III and IV indicates the root mean squared error. The smaller the RMSE is, the smaller the error between the model and the modeling data is. R 2 represents the coefficient of determination. The closer R 2 is to ''1'', the better the model fits the data.
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The modeling results show that the accurate flapping wing aerodynamic model and input power model can be established by using the modeling method proposed in the paper. At the same time, since the established models are based on polynomials, it is feasible to perform extrapolation in the linear range, which can supplement the deficiency of the experimental state. The analysis below is conducted based on the established flapping wing model.
IV. PERFORMANCE CALCULATION
Generally, the performance improvement of the flapping wing is only compared by lift and thrust. However, the comparison of the aerodynamic forces alone can not reflect the impact of the improvement on the actual flight performance of the FMAV. Therefore, we propose to evaluate the improvement of the flapping wing by flight performance.
The flapping wing is characterized by significant cyclical aerodynamic effects, which makes it difficult to calculate its performance. Sun et al. [18] considered that when the mass of the flapping wing was neglected, the flapping wing dynamics equation could be simplified to the fixedwing aircraft dynamics equation. In the actual test flight, Dove still has the aerodynamic characteristics similar to the fixed wing. Therefore, the flapping wing aerodynamics can be cycle-averaged and then analyzed with reference to the performance calculation method of the fixed wing. In this paper, we summarize four aspects that are suitable to describe the performance of the flapping wing
The scalar form of the fixed-wing kinetic equation of the center of mass in the navigational coordinate system is as follows [19] :
where for the flapping wing, since thrust cannot be generated independently of lift, and thrust and drag are difficult to separate, only net thrust can be directly obtained [20] . So the body axes system thrust in Eq. (15) is decomposed into the wind axes system and Eq. (16) introduces the cycle-averaged net thrust and the cycle-averaged lift into Eq. (15) .
For a flapping wing, the cycle-averaged lift and net thrust are just a function of three parameters, after given the amplitude of the flapping [21] :
A. STEADY LEVEL FLIGHT PERFORMANCE CALCULATION
When a FMAV is in steady level flight, there are velocity variation rate dV/dt= 0, flight path angle variation dγ /dt=γ = 0, heading angle variation rate dχ/dt= 0, angle of sideslip β= 0, speed roll angle µ= 0 and lateral force C= 0. Bring these conditions and Eq. (16) into Eq. (15) to obtain the level flight equilibrium equation shown in (18) .
That is, the cycle-averaged net thrust of the flapping wing is zero; the cycle-averaged lift is equal to the gravity of the FMAV W ; and the FMAV is in equilibrium. Given a V , Eq. (18) contains only two unknown variables f and α. The equations are close and the angle of attack and the flapping frequency at the given flight speed can be solved. The trimmed state is solved at a certain speed interval within a reasonable speed range, until a speed boundary that cannot be trimmed is obtained. At this time, the minimum level flight speed and the maximum one of the flapping wing can be obtained. Usually the maximum flapping frequency determines the maximum trim speed and the stall angle of attack limits the minimum trim speed. The faster the maximum flight speed, the stronger the front wind resistance, and the slower the minimum flight speed, the more favorable the stability of the landing phase.
B. POWER CONSUMPTION PERFORMANCE CALCULATION
The power consumption performance of a flapping wing includes endurance and range. In order to calculate the maximum endurance and range of a FMAV, it is necessary to determine the speed for the maximum endurance V E.max and the speed for the maximum range V R.max . FMAVs generally use a lithium-polymer battery as the energy supply device. The weight of the FMAV remains unchanged during the flight, so the speed for the maximum endurance is the minimum power speed that satisfies the steady level flight condition. The speed for the maximum range is the corresponding state to the minimum power per unit distance. Using the graphic method, a straight line that starts at the origin is tangent to the trim speed vs power curve of the steady level flight. The speed corresponding to the tangent point is the maximum range speed.
When the maximum endurance speed and the maximum range speed are obtained, the maximum endurance and range can be expressed as:
wherein W batt is the energy of the battery; P VR.max is the power corresponding to the speed of the maximum range. In Eq. (19) and (20), the influence of the effective capacity of the battery with the change of the discharge power on endurance is neglected. And the influence of the wind on the ground speed is neglected when calculating the range.
C. STEADY CLIMBING AND DESCENDING FLIGHT PERFORMANCE CALCULATION
In the state of a steady climbing and descending flight, there are dV/dt= 0, dγ /dt= 0, dχ /dt= 0, β= 0, µ= 0, and C= 0. Bring these conditions and Eq. (16) into Eq. (15) to obtain the steady climbing and descending flight equilibrium equation shown in (21) .
The flight path angle γ can be obtained from Eq. (21):
The height is defined as H , and the cycle-averaged net thrust equation in Eq. (21) is introduced into Eq. (23) to obtain the equation of the vertical velocity V v .
In order to minimize the horizontal distance R c through which the FMAV climbs to the safe altitude H safe and reduce the demand for the take-off site, the flight path angle should be maximized. The minimum R c is:
To reach the safe height rapidly, specific excess power (T net V ) should be taken to the maximum. In this state, the maximum climb rate is obtained. The minimum climb time t c.min can be expressed as:
D. STEADY TURNING FLIGHT PERFORMANCE CALCULATION
In the state of steady turning flight, there are dV/dt= 0, dγ /dt=γ = 0, β= 0, and C ≈0. Bring these conditions and Eq. (16) into Eq. (15) to obtain the steady turning flight equilibrium equation shown in (26).
wherein, g is the acceleration of gravity, and r is the radius of turning flight. The minimum turning radius can be obtained by Eq. (26) [19] .
A small turning radius means that the FMAV has better maneuverability, which can significantly expand its usage scenarios. The turning radius can be decreased by reducing the flight speed and increasing the speed roll angle, but the minimum flight speed and the maximum speed roll angle have certain limits. When the speed reduces, the angle of attack must increase to maintain gravity balance, while the maximum angle of attack needs to be limited to the stall angle of attack. The maximum speed roll angle is limited by the FMAV maximum overload.
This chapter provides the calculation process and calculation method of the flight performance of the flapping wing with reference to the calculation method of the fixed wing flight performance. Combined with the flapping wing mathematical model established in Chapter III, the actual flight performance of the flapping wing can be compared and analyzed.
V. PERFORMANCE COMPARISON BETWEEN ORIGINAL FLAPPING WING AND FLEXIBLE FLAPPING WING WITH AN ATTACHED EPPLER 378 AIRFOIL TO THE ROOT
Based on the data of Dove, given the takeoff weight W to = 180g, the limit of the maximum angle of attack is set to 20 degrees and the maximum flapping frequency is 10 Hz. Based on the flapping wing model established in Chapter 3, the performance calculation methods in Chapter 4 are used to calculate and compare the different performances of the two experimental flapping wings.
A. STEADY LEVEL FLIGHT PERFORMANCE COMPARISON
The flapping frequency and the angle of attack that satisfy Eq. (18) are solved at different flight speeds, the result is shown in Fig. 5 . According to the calculation result, the trimmed angle of attack gradually decreases with the trimmed velocity, which shares similar characteristics with the fixed wing. Compared with the original flapping wing FW10, the flapping wing FW378 with the complete EPPLER 378 airfoil attached to the root has a significantly lower minimum trimmed velocity, which will help to improve the stability of the FMAV during the landing phase. The two flapping wings almost have the same maximum trimmed velocity since it is mainly related to the flapping frequency. In addition, FW378 has a smaller trimmed angle of attack and flapping frequency than FW10, which indicates that the aerodynamic performance of FW378 has been greatly improved. 
B. POWER CONSUMPTION PERFORMANCE COMPARISON
According to the steady level flight trimmed state calculated in Section A, the established flapping wing power model is used to calculate the input power of the corresponding state. The curve of the trimmed velocity and the input power is shown in Fig. 6 . The calculation result shows that the input power of FW378 is higher than that of FW10 in the entire trimmed velocity envelope. Fig. 7 is the experimental data of the absolute values of instantaneous F z and P in in a cycle. FW378 has a larger aerodynamic force on the vertical flapping wing surface F z in the first half stage of the down stroke, and F z is increased due to the suppression of airflow separation in the latter stage of the up stroke. The increase in F z indirectly causes the flapping shaft torque to be greater than that of FW10, which is directly related to the input power, thus resulting in an increase in the cycle-averaged input power.
The maximum endurance speed V E.max and the maximum range speed V R.max of the two experimental flapping wings are determined by a graphic method. Assume the capacity of a battery is 15.4Wh and the power of airborne equipment is 5W, ignoring the Peukert effect. The maximum endurance E max and the maximum range R max of the two experimental flapping wings calculated according to Eq. (19) and (20) are shown in Table V . The endurance and range of FW378 will have a certain loss.
C. STEADY CLIMBING AND DESCENDING FLIGHT PERFORMANCE COMPARISON
Since Eq. (21) is not close the method of traversing in the state domain is used to calculate the steady climbing and descending flight performance. There are many trimmed points at each speed, which form a trimmed area. For the convenience of comparison, the boundary state of the trimmed area is extracted, and the flight path angle and the vertical speed in the corresponding state are calculated by Eq. (22) and Eq. (23) respectively. The steady climbing and descending trimmed state boundary is shown in Fig. 8 .
It can be seen from Fig. 8 that FW378 has a larger climbing vertical velocity and angle of climb than FW10. In terms of descending performance, the difference between the two flapping wings at a high speed is not obvious. FW378 can descend at a lower speed and maintain a similar vertical velocity than FW10. Therefore, FW378 is easier to control when landing, and the remaining energy is small which is beneficial to reduce the impact on the fuselage when landing. The safety height H safe is set as 15m and the limit takeoff and land horizontal distance of the two experimental flapping wings are calculated according to Eq. (24), the results of which are shown in Table VI . According to the calculation results, the horizontal distance climbing to the safe height is significantly shortened after attaching the complete EPPLER 378 airfoil to the root, which is beneficial to reduce the requirement for takeoff site. Meanwhile, the horizontal distance of landing of the two flapping wings is not much different.
D. STEADY TURNING FLIGHT PERFORMANCE COMPARISON
Since Eq. (26) is also not close, the traversal calculation is also performed in the state domain to find the states that satisfy the condition of the steady turning. The turning radius in the corresponding state is calculated by Eq. (27) according to the obtained trimmed state. The steady turning flight trimmed state form an area. Fig. 9 is the outermost boundary of the steady turning flight trimmed state. The minimum turning radiuses of FW10 and FW378 are shown in Table VII . The normal overload n n of FW378 over the entire trimmed velocity range is significantly greater than that of FW10, indicating that FW378 is capable of producing greater lift, which results in a smaller turning radius. The smaller turning radius helps to improve the maneuverability of the FMAV to adapt to a narrow flight environment.
By comparing the flight performance of FW10 and FW378, it can be seen that attaching an airfoil to the root can greatly improve the level flight, climb flight and turning flight performance. At the same time, it has a slight adverse effect on endurance. 
VI. PERFORMANCE COMPARISON BETWEEN FLEXIBLE FLAPPING WING WITH AN ATTACHED EPPLER 378 AIRFOIL AND EJ 85 AIRFOIL TO THE ROOT
From the analysis and calculation in Chapter V, it can be seen that the addition of the airfoil with certain thickness to the wing root has a positive effect on the aerodynamic force of the flapping wing. In order to study the influence of airfoil with different thickness attached to the root, the paper selects the EJ 85 airfoil which has a similar camber but greater thickness than the EPPLER 378 airfoil. The specific parameters of the airfoil are shown in Table VIII . The structure of the experimental flapping wing with EJ 85 airfoil attached to Dove's flapping wing root (hereinafter referred to as FW85) is identical to that of FW378, as shown in Fig. 10 . The FW85 has a mass of 15.3g.
The data acquisition of the wind tunnel experimental states in Table II Table IX .
The following is a comparison between FW85 and FW378 according to the flapping wing performance calculation method in Chapter IV. As shown in Fig. 11 , in the steady level flight performance, FW85 has a larger velocity envelope, and its trimmed angle of attack is lower than that of FW378, indicating that the lift characteristic of FW85 is better. There is little difference between their trimmed flapping frequencies. The calculation results show that increasing the thickness of the airfoil within a certain range can improve the steady level flight performance of the flapping wing.
From the calculation results in Fig. 12 , it can be seen that the difference between the steady climb and the descending flight performance of FW85 and FW378 is not large. The difference in climbing and descending performance at low speed is caused due to the better low-speed performance of FW85. The results suggest that a thicker airfoil may not further increase the cycle averaged net thrust, but it may result in additional drag.
Due to the better lift characteristics of FW85, its minimum turning radius is significantly smaller than that of FW378. However, the overload of a FMAV is usually limited by the structure. According to the maximum overload limit of 2G, it can be considered that FW85 has a slightly smaller radius than FW378 in practice as shown in Fig. 13 . Table X . According to the comparison results, increasing the thickness of the attached airfoil within a certain range can reduce the steady level flight power and improve the endurance and range performance.
In order to study the reason why FW85 improves its power consumption characteristics compared with FW378, the instantaneous aerodynamic force and input power in the wind tunnel experimental data are extracted, as shown in Fig. 15 . According to the instantaneous power curve, it can be seen that FW85 consumes less power than FW378 in the first half stage of the down stroke and the late stage of the up stroke, which shows its low power consumption characteristics at a high angle of attack. During these two periods of high angles of attack, there's little difference in the instantaneous normal force F z between the two flapping wings, so it is not the cause of the difference in power. Comparing the tangential force curve, it can be seen that FW378 has a larger tangential force in the first half stage of the down stroke. However, this difference does not directly cause the flapping shaft torque to change, but it causes an increase in the frictional force of the flapping mechanism, thus causing an increase in power consumption. The power consumption characteristics of the first half stage of the down stroke basically determine the power consumption characteristics of a flapping wing due to the large amplitude of power in this stage. Limited to experimental devices, the foregoing is only a preliminary analysis. The changes in the position of the pressure center will also affect the power consumption characteristics.
The performance comparison between the flapping wing with an attached airfoil to the root and the original flapping wing is shown in Fig. 16 .
By comparing the flight performance of FW85 and FW378, it can be preliminarily concluded that increasing the thickness of the attached airfoil can further improve the level flight performance and reduce the endurance loss from the attached airfoil.
VII. CONCLUSION
For the purpose of improving the performance of the flexible membrane flapping wing, a flexible flapping wing with an attached airfoil to the root is designed and tested in a wind tunnel. In order to facilitate the evaluation of the flapping wing performance, we propose to evaluate the property of the flapping wing by flight performance rather than aerodynamic performance. At the same time, a set of methods is proposed to establish the flapping wing mathematical model based on wind tunnel experimental data. The model has high precision and can meet the requirements of the flapping wing performance evaluation. Since the model is in a continuous polynomial form, it has a limitted extrapolation ability in the linear range, which can support the calculation of the performance in the untested state. After comparing the performance of the Dove's flapping wing and the experimental flapping wing with the complete EPPLER 378 airfoil attached to Dove's flapping wing root, the following conclusions are obtained:
a. By attaching an airfoil with certain thickness to the root, partial airflow separation is suppressed. The level flight velocity envelope is expanded, especially with a small level flight velocity, which has great benefits to the control characteristics of the landing phase.
b. The flapping wing with a complete airfoil attached to the root causes an increase in the flapping shaft torque, due to the increase of the instantaneous aerodynamic force. The increase in the flapping shaft torque results in a slight increase in power consumption compared with the original flapping wing during the entire trimmed states. Besides, there is a small decrease in endurance and range. c. The attachment of a complete airfoil to the root reduces the drag caused by airflow separation, thereby increasing the net thrust of the flapping wing, which greatly increases the climbing capacity and effectively reduces the requirements for the takeoff site. d. The flapping wing with a complete airfoil attached to the root increases the cycle-averaged lift, resulting in a significant reduction in the radius of steady turning and improving maneuverability.
In addition, in order to study the performance difference of flexible flapping wings with airfoils of different thickness attached near to the root, the EJ 85 airfoil with a similar shape and camber to the EPPLER 378 but larger thickness is attached to the original flapping wing root. The same wind tunnel experiment is carried out to establish the mathematical model of the flapping wing with EJ 85 airfoil attached. By comparing the performance of the flapping wing with EPPLER 378 airfoil and that with EJ 85 airfoil, the following conclusions are obtained: a. Increasing the thickness of the attached airfoil within a certain range can further expand the speed envelope of the flapping wing and reduce the minimum level flight velocity. b. Increasing the thickness of the attached airfoil may not further improve the climbing performance and turning performance of the flapping wing. c. By properly selecting the thickness of the attached airfoil, the increase in the level flight power after the airfoil attached can be reduced.
